In restricted channel, the hydrodynamic performance of propeller is affected by the wall. In the present work, two cylindrical channels with different diameters being 1.8D and 5.0D are adopted to study the influence of wall on the hydrodynamic performance and wake field of the propeller model DTMB4119. The numerical simulations are carried out by the single-phase solver pim-pleDyMFoam in open source platform OpenFOAM. The Reynolds Averaged Navier-Stokes equations (RANS) are adopted to solve the flow field. The arbitrary mesh interface (AMI) method is used to simulate the rotation of propeller. The designed advance ratio, J = 0.833, is applied in all the computations. For the 5.0 D case, the predicted results of open water performance are in good agreement with experiment data. In restricted channel, the predicted results of thrust and torque coefficients are larger than the open water case. The pressure on the wall of restricted channel downstream increases and approaches the results in open water gradually. Due to the flux conservation, higher negative induced velocity is investigated in the flow field of the propeller in restricted channel.
of bow thrusters and ducted propellers.
To study the wall effect of the restricted channel on the propeller, the extensive experiments were conducted. At the International Towing Tank Conference, scholars have repeatedly proposed the correcting methods for the wall effect on propeller in water tunnel. At the 10th International Towing Tank Conference in 1963 [1] , the Wood Harris method was recommended to correct the wall effect and the correction coefficient curves were drawn. In their experiments, measurement points of velocity were placed in front of the propeller and at the disk. Huang and Chu [1] carried out the experiments of three geometrically similar propeller models in the water tunnel. They measured the velocity distribution at different cutting sections near the propeller disk and the pressure distribution on the wall of water tunnel. In their experiments, the Wood Harris method was adopted to correct the velocity. Qian and Chen [2] used the Wood Harris method to correct the advance coefficient and thrust of the ducted propeller in the model tests. The wall effect is also expressed as the blockage of propeller to the flow field. Catalina [3] studied the influence of blockage effect on the velocity distribution on the turbine blades in the water tunnel tests.
CFD is proved to be a robust and reliable tool to study the open water performance of propeller. And in this way, lot of data in flow field are provided, which is advantageous to analyze the mechanism of wall effect on the hydrodynamic performance of propeller. Huang, et al. [4] compared the effect of different water tunnel diameters on the hydrodynamic performance of propeller, DTMB 4119. But the pressure distribution on the blades was only compared without further analysis. Sorensen, et al. [5] presented a correction model for wall effect on rotors of wind turbines or propellers in wind tunnels and the validation was carried out by using RANS model coupling with actuator disc method. Chen, et al. [6] established an isotropic mixture multiphase model to study the wall effect that was based on RANS equations. Watanabe, et al. [7] analyzed the wall effect on the cavitation of propeller.
The bow thruster and ducted propeller are the typical applications of propeller in restricted channel. In the studies on the wall effect of bow thruster and ducted propeller, the focus is the effect of the tip clearance on the hydrodynamic performance of the propeller. Yongle, et al. [8] investigated the effects of different tip clearances on the performance of ducted propeller via numerical simulations at three different advance ratios. They found the clearance size has little effect on the pressure distribution on the blade below 0.98 spanwise. Based on the model experiments, Yan [9] used the commercial code, Fluent, to compute hydrodynamic performance of bow thruster. The MRF method was adopted to simulate the rotation of propeller. And three tip clearances were taken into consideration.
Yu, et al. [10] employed the panel method code, panMARE, and the RANSE Journal of Applied Mathematics and Physics code ANSYS-CFX to investigate the open water performance of Ka-series propeller with duct 19A. And the flow in three tip clearances was studied. Taking the ducted propeller JD75 + Ka4 − 70 as a research object, Lv, et al. [11] analyzed the wall effect of water tunnel with different diameters on the hydrodynamic performance. They found that if the ratio of the duct diameter to tunnel diameter is less than 1/3, the predicted error of open water performance is within 5%. It has been proved feasible to predict the hydrodynamic characteristics of propeller by using open source platform OpenFOAM. He, et al. [12] [13] [14] studied the open water performance of CRPs under different blade number ratio with pimple DyMFoam solver solving the flow field and arbitrary mesh interface (AMI) completing the rotation of propeller. Xu and Wan [15] [16] performed the numerical simulation of Propeller Boss Cap Fins by using pimple DyMFoam and analyzed the hydrodynamic characteristics, energy-saving mechanism and scale effect.
In the present studies on the wall effect, the focus is the wall effect on the hydrodynamic performance of propeller and the treatment of the blade tip clearance. And there are few studies on the flow mechanism in the flow field. To study the flow mechanism of the unsteady flow field of propeller in restricted channel, the numerical simulations of DTMB 4119 propeller in two water channels that the diameters are 1.8 D and 5.0 D, respectively, are carried out. In the present simulations, RANS approach with the SST k-ω turbulence model is applied to calculate the flow field and pimple algorithm is employed to decouple the velocity and pressure. This paper is organized as follows. The first part is the numerical method including the governing equations, turbulence model and arbitrary mesh interface. Then the pre-processing to generate the grids in the numerical simulation is presented. The results including the hydrodynamic performance, pressure on the blades and tunnel and wake filed are analyzed in detail. A brief conclusion is given at last.
Numerical Method
In the present work, DTMB 4119 propeller is used for all the simulations. The main parameters are presented in Table 1 . Figure 1 shows the geometry: left is 3D view, middle is front and right is side view, respectively. 
Governing Equations
In the present simulations, the single-phase solver, pimpleDyMFoam in the open source platform OpenFOAM is adopted to calculate the flow field of propeller.
The governing equations include the mass conservation Equation (1) and the momentum Equation (2), which can be written as:
where U is fluid velocity field; p represents the pressure; ρ is the mixture density; μ is dynamic viscosity, μ t is turbulence viscosity.
Turbulence Model
For the turbulence model in the present numerical scheme, SST k-ω model is selected because the turbulence model combines the advantages of the standard k-ε model and k-ω model [17] . The turbulence model is able to ensure the accuracy and reliability of the solution at the wall. k denotes turbulence kinetic energy and ω denotes dissipation rate. The transport equations of k and ω are presented below:
where Г k and Г ω are the effective diffusivity of k and ω, respectively. k P  and P ω are the turbulence production terms and D k and D ω denote the turbulence dissipation terms. Y ω represents the cross-diffusion term introduced by blending the standard k-ω and k-ε models.
Arbitrary Mesh Interface
Traditionally, moving reference frame (MRF) is adopted in the steady prediction of propeller so that the flow filed obtained by this method is not real. Since the mechanism of the wall effect is to analyze, it is necessary to obtain a real unsteady flow field of the propeller. So the sliding mesh method is more suitable than MRF method in the simulations of propeller rotation. In the sliding mesh me-Z. Ren, D. C. Wan Journal of Applied Mathematics and Physics thod, the computational domain is divided into two regions. The two regions include a static region and a rotation region. Both regions exchange information via the overlapping area of interfaces, as shown in Figure 2 . The blue mesh is the main interface in the rotation region while the red mesh is the slave interface in the static region. Although the grid size on the interface may be slightly different, the flux through the interface should be consistent in order to avoid the possible divergence in the calculations [18] .
To analyze the wall effect in restricted channel, two conditions that the di- 
Mesh and Time Step
In numerical simulations, mesh and time step are critical to the predictions. So the mesh sensitivity study and time step check are necessary. In the present study, three grid schemes for case D1.8 are used to investigate the influence of grid size on the numerical predictions. As can be seen in Table 2 , all hex-unstructured grids are generated with different resolution level. To capture the blades well, the surface mesh size of blades to D is 0.2% while the edges needs to be refined so that the size to D is 0.1%. Near the wall of blades, the prism layers are added with y+ being 40. The surface mesh of blades is presented in Figure 4 .
In the unsteady simulations, the choice of time steps has a large impact on the simulation results. To check the influence of time step on the numerical prediction, three time steps that are 2.778e−4, 5.556e−4, 1.111e−3, during which the propeller rotates by 1˚, 2˚, and 4˚ respectively, are selected.
Results and Analysis

Hydrodynamic Performance
To study the mesh sensitivity in the numerical predictions, the simulations of DTMB 4119 at J = 0.833 are performed with the rotational speed of propeller being 600 rpm. The predicted results of thrust and torque coefficients obtained by three grid schemes are compared with the experiment data [19] and the relative errors are also listed in Table 3 . The calculated values of hydrodynamic coefficients of the propeller obtained from the medium resolution mesh are approaching to those on the meshes with fine resolution. Although the predicted results with fine resolution are more accuracy, the calculation is more time-consuming.
So in the present study, the medium resolution level mesh is adopted to perform the next simulations. 
Pressure on Blades
Pressure on Tunnel Wall
The pressure on the wall varies downstream due to the propeller rotation. 
Wake Field
The variation of the pressure on the tunnel wall is closely related to the velocity distribution in the flow field. The axial velocity distribution is presented in Fig The variation of the pressure coefficient on the wall is caused by the difference of the velocity in the flow field. Figure 10 shows the axial velocity in the Carte- the boundary, ABC and A 1 B 1 C 1 , is the wall that is not penetrated. Since the fluxes through the sections, AA 1 and CC 1 , are conserved per unit time, the following formula can be obtained:
where, V A is the advance speed, R is the radius of restricted channel, r 1 represents the radius of slipstream region that is the radius of propeller substantially. u a is the axial induced velocity in the slipstream region while u a1 is the axial induced velocity outside the slipstream region.
Equation (5) expresses the flux conservation in the water tunnel. In the slipstream region, the flow is accelerated leading to an always positive axial induced velocity, u a . The radius of slipstream region, r 1 , that is approximately constant and equal to the radius of propeller, is less than the restricted channel. As expressed in Equation (6), the axial induced velocity outside the slipstream region, u a1 , is negative and when R approaches r 1 gradually, the negative induced velocity increases. So that the advance speed in restricted channel is less than that in open water.
In order to verify the theoretical model, the vector distribution of axial induced velocity in the flow field is shown in Figure 12 . As we can see, negative induced velocity, u a1 , occurs in both conditions. Due to the rotation of the propeller, the inflow before the propeller disk is accelerated and the wake field is accelerated significantly in the slipstream region where the axial induced velocity, u a , reaches to 0.30 times or more advance speed. In order to maintain the flux conservation, negative induced velocity occurs outside the slipstream region downstream. It corresponds to the theoretical conclusion that the value of negative induced velocity in restricted channel is larger than that in open water. In restricted channel, the negative induced velocity approaches 0.10 time advance speed so that the total axial velocity is less than 1.0 and about 0.9 as shown in 
Conclusions
In the present work, the hydrodynamic performance of DTMB 4119 propeller under open water and restricted channel are predicted by the single-phase solver, pimple DyMFoam in the open source platform OpenFOAM. In restricted channel, the thrust and torque of propeller increase slightly compared with the results in open water. The pressure on the wall gradually increases and approaches the results under the open water condition with the influence of propeller on the wake field weakening. To maintain the flux conservation, the negative induced velocity occurs in restricted channel. When the radius of the channel approaches to the radius of the propeller, the negative induced velocity increases. The advance speed is reduced relatively, resulting in the higher thrust and torque. Numerical simulations are only carried out at the design advance ratio. In the future, numerical simulations at the full speed should be carried out to analyze the hydrodynamic performance and mechanism of the propeller in the restricted waters at higher and lower advance speeds. In addition, smaller channel diameters should be studied since the gap between the propeller and the channel is very small in practical applications.
